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Abstract
Mapping functional areas of the brain is of vital importance for planning tumor resec-
tion. An accurate mapping provides information to neurosurgeons about which areas
of the brain are eloquent, and should be avoided while removing the tumor. With
the recent increase in the use of functional MRI for such pre-surgical planning, there
is a need to validate that fMRI activation mapping is consistent with the mapping
obtained during surgery with the standard technique, direct electro-cortical stimula-
tion. To this end, this thesis quantitatively compares functional MRI mapping with
electro-cortical stimulation mapping.
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Chapter 1
Introduction
1.1 Motivation
Functional magnetic resonance imaging (fMRI) is a non-invasive tool for monitoring
brain activity. fMRI measures blood flow changes in the brain in response to a
subject performing a task which stimulates particular regions of the brain. These
tasks are frequently performed in a block design paradigm consisting of alternating
blocks of rest and task; the tasks can include motor, memory, visual or language
tasks. Activated areas in the brain require an increase in blood supply in order to
facilitate the increase in neuronal activity; this is called the blood oxygenation level
dependent (BOLD) effect. The changes in blood supply can be measured with rapid
magnetic resonance imaging (MRI).
For several years neuroscientists have used fMRI to study neurological disorders
such as Alzheimers, schizophrenia, and multiple sclerosis. Understanding brain dys-
function in such disorders will help lead to treatment and cures. fMRI is also used
to help understand healthy brain function and is used to study healthy subjects. Re-
cently, fMRI has become a valuable source of information for neurosurgeons while
preparing for tumor resection. Functional area localization provides neurosurgeons
with information about the location of eloquent tissue (tissue which is important for
the continued quality of life for the patient). There are several risks involved in tumor
resection, and better surgical planning improves the probability for success.
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Until recently, pre-surgical spatial locations of the tumor and critical functional
areas have been mapped based solely on the anatomy of the brain. Anatomical
images of the brain provide information about tumor location relative to structure,
but they do not provide a functional mapping. Localizing functional areas of the brain
provides the surgeon with important information in planning for tumor resection.
The current standard for localizing functional areas during surgery is direct electro-
cortical stimulation (DECS), whereby the exposed cortex of the patient is stimulated
and marked according to patient response, a processes that provides a mapping of
functional regions on the cortical surface. For instance, during surgery, after the
craniotomy, the neurosurgeon stimulates the surface of the cortex in regions around
the tumor with a bipolar stimulator injecting current pulses. The awake patient is able
to communicate with the surgeon and perform tasks evoking regions near the tumor.
In this context, the stimulation is an inactivation method stimulating what would
happen if that region of the brain were damaged during surgery. If the stimulation
causes inhibition of the patient's task, this region is deemed eloquent and be avoided
during resection. Several stimulation sites are tested and a mapping of labeled tags
on the brain surface provides the neurosurgeon with a functional mapping. This
functional mapping provides the surgeon with valuable information when planning for
tumor resection. Figure 1-1 shows a photograph taken during surgery of the labeled
tags marking stimulation sites. Such a mapping is accompanied with annotations
indicating patient response at each stimulation site.
Direct electro-cortical stimulation is stressful for the patient and in some cases
cannot be performed. This is especially true for children. There is a substantial
effort on the part of scientists and neurosurgeons to improve the techniques used to
map tumor and functional area locations, particularly by the usage of fMRI. fMRI
techniques provide a non-invasive means for functional mapping and can be performed
before the surgery. However, there is a need to validate that fMRI data does represent
an accurate mapping of function in the brain. The goal of this thesis is to address
the problem of validating fMRI for surgical planning.
fMRI activation maps provide a functional mapping that can be used to plan
14
Figure 1-1: Photograph of the cortical surface with labels tags indicating stimulation
sites.
for tumor resection. Figure 1-2 shows a superior view of a human brain model and
a model of fMRI activation regions. The fMRI activation regions are indicated in
purple and the tumor is indicated in green. The regions are activated in response
to the subject performing a hand motor task. Knowing the location of activating
regions relative to tumor location is of vital importance in surgical planning. Since
tissue damage in these regions should be avoided. This information can be used in
planning how to remove the tumor.
With the recent increase in the use of fMRI for pre-surgical planning, it is impor-
tant to use DECS to establish the utility of fMRI for accurate localization of eloquent
brain regions. To our knowledge all previous research has performed a qualitative
comparison of functional mapping methods. It is clear that there is a crucial miss-
ing link in the previous research that we aim to address - a quantitative validation
through statistical comparisons of spatial information.
Many sites have reported problems and sources of error that arise in trying to
evaluate the agreement of the two modalities [10, 14]. One such problem in eval-
uating the agreement of DECS and fMRI data is determining how to compare the
voluntary movement performed during the fMRI scan to the involuntary (either in-
hibitory or induced) effect caused by electro-cortical stimulation [14]. Additionally,
stimulation within the depth of a sulcus is not normally performed [14], and therefore
a large portion of the cortex cannot be stimulated, resulting in an incomplete cortical
15
Figure 1-2: Superior view of human brain. The fMRI activation regions are indicated
in purple and the tumor is indicated in green.
mapping.
1.2 Contributions
This thesis aims to validate fMRI for pre-surgical functional mapping. Providing
surgeons with more information will help them plan for tumor resections. We have
contributed to the validation of fMRI by developing a method for quantitative com-
parison of fMRI and DECS functional mapping techniques. Our methods integrate
existing technologies to achieve this comparison, including registration of multimodal
image sets and segmentation of the brain, tumor, and ventricles [35]. We also use
existing meshing techniques [27], and existing finite element method solving software
[22]. Our contributions bring these technologies together to help surgeons validate
fMRI for pre-surgical planning.
We built a patient-specific brain conductance model that is used to simulate the
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DECS mapping procedure. DECS data taken during surgery consists of stimulation
coordinates and patient response at each stimulation site. This data is used as input
parameters in solving for the three-dimensional current density distribution due to
cortical surface stimulation. The current density distribution is a representation of
the complete DECS mapping. This DECS stimulation map is compared with the
fMRI activation map using the Dice similarity coefficient as a measure of overlap
between the two volumes.
We used structural MRI along with diffusion tensor imaging (DTI) to build a
patient-specific electrical model of the brain that is used to solve for the current den-
sity distribution. Additionally, patient specific conductivity tensors are computed and
used to model tissue anisotropy in electrical conductivity. The electrical conductivity
tensor is computed using a direct linear relationship to the diffusion tensor [28].
The improvements we have made include the use of a patient-specific conductivity
tensor model to find the current density distribution. This provides a complete map-
ping of DECS methods. Additionally, we demonstrate a method to quantitatively
compare the DECS stimulation and fMRI activation maps using Dice similarity co-
efficients [4] and variable thresholds to achieve a maximal Dice similarity measure.
The final goal is to validate the utility of fMRI for pre-surgical planning. The use
of fMRI along with accurate conductivity models could lead to less injury to eloquent
brain areas during surgery and a more ambitious approach to tumor removal.
1.3 Organization of Thesis Document
This thesis presents a method for performing a quantitative comparison of fMRI and
DECS functional mapping methods. A brief background on related work at other
sites is discussed in Chapter 2. Clinical materials and methods, including imaging
modalities and surgical setup, is discussed in Chapter 3. Details describing the DECS
stimulation map are explained in Chapter 4. Results are reported in Chapter 5, and
Conclusions are drawn in Chapter 6.
17
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Chapter 2
Background
Validation of fMRI with electro-cortical stimulation methods is active research at sev-
eral sites [5, 10, 12, 14, 18, 19, 21, 34, 36]. A better understanding of the information
provided by fMRI will lead to its validation and use in preparing for tumor resec-
tion. In this chapter, different stimulation methods will be presented. Additionally,
field solving methods will be described. Previous work will be described, and finally,
comparison difficulties will be discussed.
2.1 DECS Methods
There are several functional mapping methods used during surgery [3]. These methods
use stimulation and recording electrodes to map functional areas of the cortex. Simple
functional mapping may be accomplished using intra-operative direct electro-cortical
stimulation (DECS). This mapping is done by stimulating the surface of the brain
with a bipolar stimulator, which injects current pulses at a frequency of 5-75Hz
and an amplitude of 2-10mA. When mapping functional areas using DECS, the
patient usually remains awake during stimulation. When mapping the motor areas,
the patient communicates any muscular tingling or twitching to the surgeon while
the cortex is stimulated. To map the language areas, the patient must perform tasks
such as counting or naming. Stimulation mimics brain lesions, and an inability to
perform these tasks provides information about which regions are eloquent.
19
Recording electrode arrays are often used during stimulation to record current
spread and neuronal response. This can provide the surgeon with knowledge about
how the current travels through the cortex. Electrodes recording high neuronal activ-
ity in response to nearby stimulation could indicate connectivity between the stimu-
lation and recording sites. The use of depth electrodes are also used in surgical cases
for functional mapping. Depth electrodes are used to record from within the cortex
around stimulation sites [30]. Depth electrodes also provide information about neu-
ronal response, but they have the ability to record from within the cortical surface,
providing information about the response within cortical layers.
2.2 Previous Work
2.2.1 Field Solving Methods
Biological systems send messages via electrical signals. Understanding how these
signals propagate through such systems will lead to a better understanding of how
these systems function [31]. In our case, better understanding of how the brain sends
electrical information will provide more information in planning for tumor resection.
Field solving shows how injected currents travel through the brain using conductivity
models. Field solving in biological systems is an active area of research, particularly
as applied to source localization problems. Electrophysiological methods such as
electroencephalography (EEG) and magnetoencephalography (MEG) are based on
mapping the source of neuronal activity by measuring voltages outside of the head.
In such problems, current sources in the brain are modeled as current dipoles which
have two components: a primary current representing the source of neuronal activity,
and a secondary current which is a volume current resulting from the interaction of
the primary current with the conductive tissue in the brain [29]. Closed form solutions
can be found by modeling the brain as concentric spheres. However, when using a
geometrically realistic brain model, approximation methods must be used. Common
methods include finite element methods and boundary element methods. In work
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done by Van Uitert et al [29] a simulation of source localization for MEG forward
and inverse solving is described. They compare the results when using spherical
brain models and realistic models. Wolters et al [1] used a realistic brain model
and incorporated tissue conductivity inhomogeneities and anisotropies into solving
for EEG and MEG source localization. They show that their finite element modeling
methods are stable when using realistic brain models with tissue anisotropy. In the
work by Tuch et al. [9] tissue anisotropy was determined using diffusion tensor data
to estimate the conductivity tensors of the brain model. They used a realistic model
with conductivity tensors to solve MEG and EEG source localization problems.
2.2.2 fMRI and Electro-Cortical Stimulation Comparison
Several sites [5, 18, 34] performed comparison studies of fMRI and electro-cortical
stimulation mapping methods. These sites use rendered fMRI activation maps that
are compared to an intra-operative photograph of the cortex indicating stimulation
sites with labels on the cortical surface. Such an image is shown in Figure 1-1. The
labels are annotated with the recorded response. Puce et al. [18] used an array grid to
record from the cortical surface. Both Yetkin, et al. [34], and FitzGerald et al. [5] used
patient response to stimulation to annotate the cortical tags. The fMRI activation
map was registered to the intra-operative photograph using anatomical landmarks.
Comparison studies were performed by qualitatively measuring the amount of overlap
in activated regions with stimulation sites that indicated a positive response. The
results are reported as overlap or no overlap. These sites report "good agreement"
and indicate that their findings support fMRI for functional mapping.
Krings et al. [14] compare fMRI activation maps to several functional mapping
modalities in order to map motor functional areas. These include positron emission
tomography (PET), transcranial magnetic stimulation (TMS), and direct electro-
cortical stimulation (DECS). In their DECS experiments, the cortex is stimulated
using a 1cm 2 silver place electrode. Compound muscle action potentials (CMAP)
are recorded using subcutaneaous needle electrodes inserted into the lower and upper
limbs. If the recorded CMAP reached a predetermined threshold, the corresponding
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stimulation site was marked accordingly. Stimulation coordinates were obtained using
a steroe-tactic navigation device and marked within the three dimensional MRI data
set. The distance was measured between the fMRI activation regions and stimula-
tion sites that reported recordable CMAP's. This experiment shows no contradictory
results in comparing fMRI and DECS (measured distance >2cm), and most experi-
ments show overlapping results.
In the work by Hill et al. [10], eight patients with epilepsy underwent intra-
operative stimulation using a subdural electrode mat consisting of 64 electrodes. Ac-
tivated voxels from the three dimensional fMRI activation map were compared with
the location of the electrodes that elicited sensory response in the patients. The dis-
tance between each electrode and the center of the activated region from the fMRI
activation map was measured. After motion and brain deformation corrections, they
report good agreement between the two mapping modalities. However, they report
that brain deformation makes it difficult to draw a qualitative conclusion about the
ability of fMRI to provide the same information that DECS provides and conclude
that fMRI is unsatisfactory for localization of functional regions in patients with
epilepsy.
2.3 Inconsistencies in Comparing fMRI and DECS
Functional mapping for tumor resection consists of mapping functional areas near and
around the tumor and craniotomy. Functional mapping by way of DECS allows the
neurosurgeon to choose stimulation sites. In contrast, pre-surgical functional mapping
by way of fMR.I is accomplished by choosing paradigms that will activate regions near
the tumor and proposed craniotomy opening.
There is an inherent mismatch in comparing fMRI activation methods to electro-
cortical mapping methods. fMIRI measures the blood flow changes in response to
tasks that are voluntarily performed by the subject and it is therefore an activation
method. Activated regions within the fMRI map indicate that all voxels within a
region were activated in response to the task performed. In contrast, DECS mimics
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what would happen if a particular part of the brain were damaged and how it would
affect function. It is therefore a deactivation method. DECS stimulation sites that
evoke patient response indicate that some of the tissue within the region of stimu-
lation was activated and caused deficit in the patient, but it does not indicate that
the entire region was responsible for the deficit. Despite these differences, several sur-
geons believe there is some physiological agreement between these functional mapping
methods.
2.4 Sources of Error
In addition to the inherent mismatch in comparing DECS and VIRI mapping meth-
ods, there are technical problems that make the comparison difficult. These sources
of error include motion artifacts and registration inaccuracies. Previous research pro-
vides inconclusive results as to whether or not fMRI should be used in planning for
tumor resection.
Hill, et al. provide an extensive survey of previous research. They describe the
sources of error that lead to the conclusion that not enough research has been per-
formed to deem fMRJ the best method of functional localization for surgical planning.
First of all, there are several registration errors in performing a comparison study be-
tween fMRI and electro-cortical techniques. Registration errors arise in motion of the
subject during scan time. Motion correction algorithms are frequently used to help fix
this error. Another source of registration error comes from brain deformation due to
the craniotomy and tumor resection. When the cranium is removed, the brain sinks
slightly. Registering intra-operative MRI scans to pre-operative MRI scans require
non-rigid registration algorithms to be most effective.
23
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Chapter 3
Clinical Materials and Methods
This chapter describes the clinical methods used for obtaining patient-specific data.
The anatomical MRI data and the diffusion tensor data are used to construct the
patient-specific conductivity model. The DECS intra-operative stimulation coordi-
nates and patient response are used as model parameters to find the current magni-
tude distribution at each stimulation site. Finally, the the DECS stimulation map is
compared to functional MRI activation map.
Comparison of DECS and fMR[ mapping techniques were performed retrospec-
tively on data collected from a neurosurgical case (collected under informed consent).
The patient suffered from complex partial, secondarily generalized seizure. The pa-
tient had some word finding and other expressive language difficulties. The tumor
was a large diffuse astrocytoma involving the frontal and temporal lobes in the domi-
nant (left) hemisphere - the hemisphere responsible for language function. A subtotal
neurosurgical resection was performed in an intra-operative MRI scanner via a fronto-
temporal craniotomy with awake language mapping using cortical bipolar stimulation.
The patient noted slight cognitive improvement post-operatively. The tumor resection
was limited by involvement with key language cortex and underlying white matter
tracts.
Several pre-operative images were taken of the patient including high resolution
MRI, diffusion tensor imaging (DTI) and fMRI. The details of the data collection are
described below.
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3.1 Anatomical Description of the Brain
Anatomical magnetic resonance imaging (MRI) provides information about brain
structure and anatomy. Most MRI scanners use super conducting coils to induce a
magnetic field strong enough to align the nuclear spin of many atoms. The most
prominent atom in the human body is hydrogen [32]. The nucleus of the hydrogen
atom behaves like a magnetic dipole; when a magnetic field is applied, the spins either
align against or with the magnetic field depending on the energy state of the atom.
A hydrogen atom has two states; when it is in a low state the atom is aligned with
the magnetic field. When the energy state is high, the atom is aligned against the
magnetic field. A change in energy state is accompanied by absorption or emission
of energy in the radio frequency range. Radio frequency pulses are used to encourage
the nucleus to change energy states. This changing of states can be detected by radio
frequency emissions, providing information about the material being imaged [32].
Suprisingly enough, this technology can be used to obtain high resolution volumetric
images of anatomy.
The patient underwent two pre-operative anatomical imaging protocols: (1) a
whole brain axial 3D-SPGR. (slice thickness=1.5mm, TE/TR=6/35msec, FA=750,
FOV=24cm, matrix=256x256); (2) an axial T2-weighted fast-spin-echo (slice thick-
ness =5mm, TE/TR=100/3000msec, FOV=24cm, matrix=256x192). Brain and ven-
tricular system segmentations were obtained from the 3D-SPGR, using a curved sur-
face evolution algorithm [35]. The tumor was manually segmented using the T2-FSE
images, which provide high tumor contrast. The 3D models were built using the label
maps generated from the segmentation. Figure 3-la shows pre-operative 3D-SPGR
image slices at the three intersecting planes, and Figure 3-1b shows the correspond-
ing brain segmentation imposed on the pre-operative 3D-SPGR images. Using the
segmented label maps, models of the brain, tumor and ventricles were built in the 3D-
Slicer [24, 7]. 3D-Slicer using a marching cubes algorithm and a Gaussian smoothing
algorithm to generate smooth surface models.
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(a) Pre-operative 3D-SPGR images of intersecting planes.
(b) Corresponding brain segmentation (pink) imposed on pre-operative 3D-
SPGR.
Figure 3-1: Brain segmentation using pre-operative 3D-SPGR.
3.2 Diffusion Tensor Imaging
Diffusion tensor imaging (DTI) provides information about location, direction and
extent of white matter tracts [26]. To accomplish this, DTI uses MRI detection of
water molecule motion in tissue. In highly structured tissue, water molecules have
less restricted movement in the direction of the fibers making up the tissue; in white
matter the water molecules move along the myelinated axons. The diffusion of water
within a voxel can be represented with a tensor. The tensor is represented as three
orthogonal eigenvectors and their corresponding eigenvalues [26]. The diffusion tensor
represents the probability of movement in any direction. Figure 3-2a is an illustration
showing how the diffusion of water is higher in the direction of the axon fibers. Figure
3-2b shows how this diffusion can be described using a tensor, which corresponds to
an ellipsoid in three dimensions.
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Lower diffusion
across fiber Higher diffusion
along fiber
(a) Diffusion of water is higher along direction of axon fibers
than it is across axon fibers.
(b) Tensors are used to describe diffusion of water, which cor-
respond to an ellipsoid.
Figure 3-2: Illustration of diffusion tensor.
Diffusion tensor images (axial line scan diffusion images (LSDI) [8]) (TE=64nsec,
TR.=2592msec, slice thickness=4mm, slice gap=1mm) were obtained covering the
region of interest. The 3D tractography method used is described by [33], which is
fully implemented in 3D-Slicer. White fiber tracts are found by tracking the direction
of the principle eigenvector [26]. The baseline acquisition of the LSDI was used to
register to the 3D-SPGR data set. The registration was performed manually by
experienced neurosurgeons at Brigham and Women's Hospital.
Diffusion tensor data can be displayed in 3D-Slicer. In 3D-Slicer, the tensors
are displayed as glyphs overlayed on the gray-scale image. The length of the glyph
corresponds to the largest eigenvalue, and the direction corresponds to the principle
eigenvector. The color corresponds to the degree of anisotropy [13]. Figure 3-3 shows
an example of diffusion tensors using glyph visualization.
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Figure 3-3: Visualization of the tensor data is shown as 3D glyphs corresponding the
magnitude and direction of the diffusion at each voxel. Regions of high anisotropy,
such as the corpus callosun and corticospinal tract, are in red.
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3.3 Surgery
Surgery was performed in the MR Therapy (MRT) [20] at the Brigham and Women's
Hospital. The MRT is an open magnet MR.I scanner that allows intra-operative scans
to be taken during surgery. Figure 3-4 shows the surgical setup in the MRT.
Figure 3-4: Surgical setup in the MRT at Brigham's and Women's Hospital.
The MRT operating room provides the surgeons with updated images of patient
anatomy. Additionally, the intra-operative images are used to integrate pre-operative
data into the operating room via registration of pre-operative 3D-SPGR with intra-
operative 3D-SPGR. Figure 3-5 shows pre-operative models of the ventricles, tumor,
and white matter tracts registered to the intra-operative 3D-SPGR data.
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Figure 3-5: Pre-operative models of the ventricles (blue), white matter tracts (yellow)
and tumor (green) registered to the intra-operative 3D-SPGR images.
3.4 Direct-Electro Cortical Stimulation Procedures
During surgery, after the craniotomy and before tumor resection, functional map-
ping of the language areas by way of DECS was performed. The exposed cortex of
the patient was stimulated with an Ojemann bipolar stimulator with 2mm diameter
ball contacts separated by 5mm, [16]. The stimulator is shown in Figure 3-6. The
stimulator injects current pulses at 5-75Hz at an amplitude of 2-10mA. The surgeon
stimulated the cortex at seven sites while the patient either counted to ten, or listed
the days of the week. The stimulation sites were marked with labeled tags and an-
notated according to patient response. After the DECS mapping was performed, the
surgeon located each site with a sterotactic navigation probe. The intra-operative
coordinates of the probe tip were read from the locator workstation in the coordinate
system of the intra-operative images. Registration of the stimulation coordinates to
the conductivity model is a straightforward application of the transformation between
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intra-operative 3D-SPGR and pre-operative 3D-SPGR. Figure 3-7 shows the location
of the stimulation coordinates.
Figure 3-6: Radionics Bipolar Ojemann stimulator
3.5 Functional Mapping
Functional MRI (fMRI) uses rapid MRI imaging techniques to obtain information
about blood flow changes in the brain. These blood flow changes are in response to
increased energy utilization within activated regions [11]. Brain regions are activated
by performing tasks while the MR.I volumes are taken over time. fMR.I task protocols
often use a block design paradigm where rest and task timing is governed by a block
design as shown in Figure 3-8a.
Since image volumes are taken every few seconds, some image volumes will be
taken at rest and some will be taken while the patient is performing the specified
task. Parts of the images taken during stimulation will have increased intensity
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Figure 3-7: Stimulation sites (orange) registered to pre-operative 3D-SPGR images.
Tumor (green), ventricles (blue) and white fiber tracts (yellow) are also shown.
compared to those taken during rest. This is due to the BOLD effect, discussed in
Chapter 1. These regions with increased intensity should correspond to regions in
the brain which are activated by the task [11]. Figure 3-8b shows the intensity of an
activated voxel traced through all volumes in the series.
fMRI analysis detects these activated regions within the fMRI dataset. There
are several ways to detect activated regions, and this detection is an active area of
research. A simple approach correlates the time-series of each voxel with the block
design protocol. If a voxel's time-series has high correlation with the protocol, then
it is likely that the region is activated.
For our detection we used SPM99 [25], which uses the general linear model (GLM)
[6]. The GLM sets up a pattern that is expected in the data. The data is then fit to
this pattern. A simple linear model for one voxel is shown below:
y(t) =- i * t(t) + e(t) ,
Where y(t) is the timte-series data at one voxel, ,3 is the parameter estimate (PE),
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(a) fMRI design protocol; zero corre- (b) fMRI time-series for an activated
sponds to rest and one corresponds voxel.
to task.
Figure 3-8: fMRI design protocol and activation response at one voxel.
x(t) is the block design protocol, and e(t) is the error. The parameter estimate is the
value by which the square wave by which the protocol must be multiplied in order
to fit to the data time-series. The model fitting involves adjusting this parameter to
find the best fit. The error term, e(t), allows for fitting errors.
The parameter estimate can be used to compute statistical significance on whether
or not a voxel was activated. Frequently, the T-statistic is used; it is computed as
follows:
T =3
standard error(6)
The T-statistics are now thresholded by determining a value at a given level
of significance. The thresholded T-statistics provide a binary fMlRI activation map
where all voxels with values above the threshold are one and all other voxels are zero.
Whole head fMRI image volumes were obtained (TR/TE=2000/50msec, FA=90',
FOV=24cm, matrix=64x64, voxel size= 3.75 x 3.75 x 4 mm'). The language areas
were mapped using a processing task that tested the patient's level of semantic versus
perceptual judgment. The subject was shown 24-second blocks of either a fixation
cross or words (6 words presented for 4 seconds each). For the cross, the subject was
34
is
told to focus on the cross. For the words, the subject was told to press a button if 1)
the word was written in capital letters (i.e. FAME), or 2) if the word was concrete
(i.e. rock). These tasks tested 1) perceptual decision tasks, and 2) semantic decision
tasks. Instructions were given visually for 4 seconds prior to each block of words and
told the patient which decision should be made.
SPM99 was used for reconstruction and motion correction of the data. SPM99
was also used to calculate voxel by voxel paired T-statistic scores for each voxel.
Thresholded scores were then used to generate a binary fMRI activation map. This
map was used to generate a 3D model using 3D-Slicer [24].
Figure 3-9 shows an example of fMRI activation regions for a series of coronal
slices. The fMRI activation map is imposed on 3D-SPGR image slices.
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Figure 3-9: fMRI activation regions imposed on 3D-SPGR image slices.
36
Chapter 4
DECS Stimulation Map:
Computational Methods
In this chapter we describe the computational methods for building the patient-
specific conductivity model and show how it is used to compute the direct electro-
cortical stimulation (DECS) stimulation map. The model contains information about
the electrical properties of the tissue and can be used to solve for the current den-
sity distribution in response to current injected on the cortical surface. The current
density solution shows how current travels through the tissue and therefore which
regions are activated by the stimulation; this is the DECS stimulation map. The map
is a three dimensional volume of scalar values indicating current density magnitude.
This current density is determined by solving the quasi-static boundary-value prob-
lem governed by Poisson's equation. In order to compute this map, a high resolution
description of the anatomy is needed. This anatomical description is represented us-
ing a mesh of tetrahedral elements. For each tetrahedra element, the corresponding
conductivity tensor is determined by a direct linear relationship to the diffusion ten-
sor [28]. The conductivity tensor models tissue anisotropy in the brain. The partial
differential equations governed by Poisson's equation can then be solved using the
finite element method. The patient-specific conductivity model is used to solve for
the current density distribution due to direct electro-cortical stimulation. Finally,
this chapter describes the methods for obtaining this DECS stimulation map.
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4.1 Model Geometry
The brain geometry is obtained using the 3D-SPGR, data, which provides a high
resolution anatomical description. Using a curved surface evolution algorithm [35],
the brain is isolated from the skull. This data provides information about brain
boundary, shape, and structure. The resulting segmentation consists of a binary
label map describing which voxels are brain and which are background.
Based on the segmentation, a tetrahedral mesh was constructed for use in finding
the electric field solution using the finite element method. Tetrahedral elements are
a simple three dimensional volume element. They are particularly useful in that they
can be used to accurately describe smooth surfaces [27]. To form the mesh, an oct-
tree method is used whereby the volume is filled with cubes and then subdivided into
tetrahedral elements. The brain surface is fit by intersecting the edges of the mesh
with the surface of the volume. This intersection is found by checking for edges in
which one end lies inside the brain and the other in the background. These edges are
subdivided and new tetrahedra formed so that the tetrahedra conform to the surface
as described in [27]. The mesh used in this experiment has tetrahedral elements on
the order of 5mm3 . Figure 4-1 shows the surface boundary of the tetrahedral mesh.
4.2 Conductivity Tensors
Now that the brain geometry is described using tetrahedral elements, anisotropic
conductivity tensors are assigned to each element. The conductivity tensors can be
directly computed from the diffusion tensor [28]. Tuch et al. modeled the relationship
between the conductivity and diffusion tensor by relating these transport tensors
through the statistics of the medium microstructure [28, 23]. The relationship between
the conductivity and diffusion tensors was fit and found to be a linear scaling of the
eigenvalues. The linear model is described below:
ao = k(dv - de).
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Figure 4-1: Surface boundary of the tetrahedral mesh.
Where a, and d, are the conductivity and diffusion eigenvalues, respectively. The
linear fit yields model parameters, d, = 0.124±0.0545', and k = 0.844 ± 0.0545 s3*
4.3 Current Density Solution
After building the conductivity model, stimulation coordinates are used as input
parameters, along with stimulation current amplitude, in solving the boundary-value
problem for the current density distribution throughout the brain.
The problem at hand consists of solving for the electric field distribution over an
asynmnetric model with unknown charge distribution. This type of problem can be
solved using Poisson's equation. The charge distributions and distribution of potential
is determined by specifying the potential over the boundaries of the region [17]. This
is described by Poisson's equation,
V - O-v(b =- -IV.
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Where - is the conductivity tensor, 4) is the electric potential over the domain, and
1, is the source term indicating the current sources within the domain. The current
sources for this problem are on the surface of the brain at the stimulation sites.
Assuming a piece-wise linear potential field, the solution to Poisson's equation can
be approximated using the finite element method (FEM). The finite element method
is a numerical technique for solving problems governed by partial differential equations
[15]. FEM techniques use a discretized domain to solve for the physical field at the
nodes in a mesh. In our case, the brain geometry is approximated by a collection of
tetrahedral elements and the nodes are the intersections of the tetrahedral elements.
The solution is discretized over the nodes and is a piece-wise approximation of the
physical field. The value inside the tetrahedral elements are recovered using the node
values. The FEM solving software, SCIRun/BioPSE, was used to find the solution
[22, 2].
The current magnitude, Im,, is computed by taking the magnitude of the gradient
of the electric potential,
Imag = VI .
This current magnitude solution is the DECS stimulation map. Figure 4-2 shows
the current magnitude solution imposed on intra-operative 3D-SPGR data. The
solution was thresholded at 0.3% of the maximum value. A rainbow color scale is
used; the purple regions indicate larger current magnitude values and the red regions
are low current magnitude values.
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Figure 4-2: Current magnitude solution thresholded at 0.3% of the maximum current
magnitude. A rainbow color scale is used where purple corresponds to the largest
current magnitude and red is the lowest. The solution is imposed on intra-operative
images at intersecting planes.
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Chapter 5
Comparison of fMRI Activation
and DECS Stimulation Maps
The 3D fMRI activation and DECS stimulation maps can now be compared to de-
termine the level of agreement between the volumes. This comparison is quantified
using the Dice similarity coefficient [4], which provides a quantitative measure of the
degree of association between the two volumes. A Dice similarity coefficient (DSC)
of 1.0 indicates that the two volumes are exactly the same; a DSC of 0.0 indicates
that the volumes have no overlapping voxels. The DSC is defined as the number of
intersecting voxels divided by the average number of voxels in each volume,
DSC = 2 Ivlflv2I
IV1 + |V21
5.1 Functional Mapping: Region of Interest
In tumor resection, it is important to obtain a complete functional mapping near
the craniotomy. fMRI and DECS methods help provide such a mapping. fMRI
activation maps indicate that all activated voxels were responsible for performing
the task. DECS stimulation maps indicate that somewhere within the stimulation
region, eloquent cortex was activated and caused patient response. This complicates
the comparison of the two volumes and it is not immediately obvious how to overcome
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this problem. However, stimulated regions that evoke patient response indicate that
eloquent tissue was stimulated and that region should be avoided during surgery.
5.1.1 fMRI Activation Map
The fMRI activation map is found by choosing paradigms that will activate regions
within the region of interest - near the proposed craniotomy. fMRI activation proto-
cols activate several regions in the brain; activation in this dataset is seen in language
areas as well as in auditory, visual and motor areas. fMRI activation maps tell the
surgeon that all voxels within activated regions were activated by the task performed.
Using a priori knowledge, the surgeons observe the effects in the region of interest.
fMRI activation maps provide confirmation of anatomy, and increased confidence in
functional localization.
In this particular study, we are only interested in the regions near the craniotomy.
For this case, Brocca's speech area is at risk of being damaged. Figure 5-1 shows two
views of the fMRI activation volume; the orange region is the region of interest, and
the purple regions are outside the region of interest.
5.1.2 DECS Stimulation Map
DECS functional mapping is obtained by choosing stimulation locations in the region
of interest - the exposed cortex. The patient's observed response to stimulation
establishes the stimulation mapping. Patient response to a particular stimulation site
indicates that somewhere within the stimulation region eloquent cortex was activated
causing the response. However, it is unknown exactly which cortical tissue within the
stimulation region was responsible. This is quite different from the information that
fMRI activation regions provide and therefore, there is an inherent inconsistency in
comparing the two functional mapping methods.
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(a) Left view on sagittal pre-operative slice.
(b) Anterior view on coronal pre-operative slice .
Figure 5-1: fMRI activation in the region of interest (orange), and outside the region
of interest (purple), tumor (green), ventricles (blue), white fiber tracts (yellow).
45
mm . ...... .. . ...... ... . .... - -.- - - - -- --- --- I I - 7 -
5.2 DECS Mapping Results
Seven sites were stimulated during the DECS intra-operative functional mapping
procedures (see Figure 3-7 for stimulation sites). The mapping resulted in language
inhibition at stimulation site number three. At this site the patient's language task
was inhibited while the cortex was stimulated. The patient was asked to count from
one to ten. When the cortex was stimulated, the patient stopped counting, and
when the stimulation was removed the patient continued. This occurred at a current
stimulation amplitude of 8mA and a frequency of 75Hz. This information was used
as input parameters in solving the boundary condition problem for current density
distribution. The magnitude of the current density distribution makes up the DECS
stimulation map.
For this study two electrode orientations were investigated: 1) Anterior-posterior
(AP), and 2) Superior-inferior (SI). The two orientations produced differing results.
Figure 5-2 shows the current density solutions for the two stimulator orientations.
The stimulation sites are marked with two dark blue spheres indicating location and
orientation of the bipolar stimulator. The DECS stimulation maps are shown in pink.
5.3 Comparison Results
In order to compare the fMRI activation and DECS stimulation maps, the DECS
stimulation was thresholded. The threshold on current density that causes physiolog-
ical effect is difficult to determine. Therefore, we thresholded the DECS stimulation
map over the full range of current density values within the stimulation map. The
Dice similarity coefficient was computed for each threshold. It is very likely that
the threshold that causes physiological effect will be different from the threshold
that maximizes the Dice similarity coefficient. This introduces bias into the DSC
measure. Figure 5-3 shows a plot of DSC as a function of DECS activation map
thresholds for each stimulator orientation. The maximum DSC for AP stimulator
orientation is 0.1800 and occurs when the DECS stimulation map is thresholded at
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(a) AP stimulator orientation. Current density solution iso-
surface (dark pink) thresholded at 0.0024rmA/cm3 .
(b) SI stimulator orientation. Current density solution isosur-
face (light pink) thresholded at 0.0051'mA/cm3.
Figure 5-2: Comparison of current density solution (pink) for different stimulator
orientations at stimulation site three (dark blue). Sagittal pre-operative slice, tumor
(green), ventricles (blue) and white fiber tracts (yellow) are also shown.
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Figure 5-3: Comparison DSC values plots for different stimulator orientations.
Figure 5-4 shows the fMRI and DECS stimulation volumes for both AP and SI
stimulator orientations. The DECS stimulation maps are thresholded at Imw, =
0.0024A and Ima, = 0.0051% for the AP and SI stimulator orientations, respec-
tively. The stimulation sites are marked with two dark blue spheres indicating location
and orientation of the bipolar stimulator. The DECS stimulation maps are shown
in pink and the fMRI activation map for the region of interest is shown in orange.
Figure 5-5 shows close-up views of the DECS stimulation map and fMRI activation
map in the region of interest. Tables 5.1 and 5.2 lists the maximal DSC values for
the current density solution at all seven stimulator positions for each orientation.
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(a) AP stimulator orientation.
(b) SI stimulator orientation.
Figure 5-4: Comparison of current density solution (pink) and fMRJ solution (orange)
for different stimulator orientations at stimulation site three (dark blue). Models
shown on sagittal pre-operative slice. The tumor (green), ventricles (blue) and white
fiber tracts (yellow) are also shown.
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(a) AP stimulator orientation.
(b) SI stimulator orientation.
Figure 5-5: Zoomed in view of current density solution (pink) and fMRI solution
(orange) for different stimulator orientations at stimulation site three (dark blue).
Models shown on sagittal pre-operative slice. The tumor (green), ventricles (blue)
and white fiber tracts (yellow) are also shown.
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Table 5.1: Maximal DSC values for all electrodes when stimulator is in anterior-posterior
orientation._______________ 
_____
Stimulation Site Maximal DSC
1 0.0547
2 0.0331
3 0.1800
4 0.0153
5 0.0
6 0.0015
7 0.0
Table 5.2: Maximum DSC values for all electrodes when stimulator is in superior-inferior
orientation.
Stimulation Site 11 Maximum DSC
1 0.0533
2 0.0157
3 0.1747
4 0.0
5 0.0
6 0.0
7 0.0
5.4 Summary
The DECS stimulation and fMRI activation maps were compared using Dice similarity
coefficients (DSC). The DSC provides a quantitative measure the of the degree of
overlap between the two activation maps.
The fMRI activation map was defined within a region of interest around the cran-
iotomy. The region of interest for this case was the Brocca speech area. The DECS
stimulation map was generated based on the current density solution at stimulation
site three. This is the only site where the patient's speech was inhibited due to stim-
ulation. This stimulation site along with stimulation parameters, 8mA at 75Hz, was
used to generate the current density solution throughout the brain. This current
density solution is the DECS stimulation map.
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The DECS stimulation map at stimulation site three shows agreement with the
fMRI activation map. The one stimulation site that evoked patient response during
cortical mapping is the only site that shows agreement with the fMRI activation
map. While stimulator orientation had an affect on the shape of the current density
solutions, both orientations showed similar agreement with the fMRI activation map.
Stimulation orientation during surgery is not normally considered. These results show
that it does have an effect on patient response.
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Chapter 6
Summary and Conclusions
6.1 System Overview
We introduce a method for quantitative comparison of fMRI and DECS functional
mapping methods using patient-specific anisotropic conductivity models. We use
existing technologies to achieve multi-modal image registration, and segmentation of
brain, tumor and ventricles. We also use existing meshing technologies in order to find
the electric field distribution using the finite element method. Figure 6-1 provides a
system overview of our methods. Table 6.1 provides a summary of the time involved
in each of these steps. The interaction time refers to the amount of time needed to
set up the specifications of the action.
|Segment
Track Stimulator
BuikdFMi ] Coordinates
FI guRegisterto Patient Specific Register WAnatomical Conductivity Model Anatomical
Fil~dS lution
Figure 6-1: System overview block diagram.
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Table 6.1: Summary of Time Involved
F Action J Interaction Time Computation Time
Manual Registration of all Data Several hours Several hours
Preparation for Automatic Segmentation 2 min 1 mil
Automatic Segmentation (brain and ventricles) 5 min 2 min
Load Segmentation Results into Slicer 2 min 4 min
Manual Segmentation Correction in Slicer 30-60 min 10 min
Manual Thmor Segmentation 10-15 min 3 min
Tetrahedral Mesh Construction 30 min 2 min
FEM Solving 30 min 2 min
6.2 Discussion of Results
Localization of functional areas for surgical planning is of vital importance in success-
ful tumor resection. fMRI has become a valuable source of information for functional
mapping. Better understanding of how fMRI compares to cortical stimulation will
lead to better understanding of functional mapping.
Our results show agreement between intra-operative cortical mapping results and
fMRI activation results. fMRI paradigms were selected to activate regions of the brain
within the region of interest. The DECS stimulation map is the magnitude of the
current density solution due to cortical stimulation at site three with an amplitude
of 8mA and a frequency of 75Hz. The DECS stimulation maps show agreement with
the fMRI activation map. The stimulation sites that did not evoke patient response
do not show significant agreement with the fMRI activation map.
Stimulator orientation had an effect on the current density solution. The tracking
device in the MRT does not currently have the ability to track stimulator orientation,
but intra-operative cortical stimulation did show evidence that stimulator orientation
had an affect on the patient's response. We simulated two different stimulation ori-
entations. The two orientations had differing shapes in thresholded activation maps
(see Figure 5-2). Additionally, when the stimulator was oriented anterior-posterior
the threshold that produced the most agreement (largest DSC with the fMRI ac-
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tivation map was 0.5% of the maximum. The threshold that produced the most
agreement for the superior-inferior orientation was only 0.1% of its maximum current
density magnitude. This indicates that the superior-inferior orientation had a larger
effect on the patient's response. Unfortunately, we do not have a way to validate
orientation effects with this dataset. However, while the two orientations showed a
different shape in the current density isosurfaces, both solutions were still consistent
with fMRI activation results.
Since cortical stimulation is considered the gold standard for intra-operative func-
tional mapping, validation of fMRI is dependent on information obtained from surgery;
there are several sources of error that can result. TRacking stimulation sites during
surgery is a major source of error. While we are able to obtain coordinates from the
stereotactic navigation probe, the probe is still tracking labeled tags on the cortical
surface. These tags move around easily because the cortical surface must be continu-
ally flushed with saline solution. Also, the brain tends to shift after the craniotomy,
and as time goes by, the brain can start to swell. Brain swelling can be caused by
edema due to the tumor, increase in PCO2 , or gravity. Improvements to the tracking
system need to be made. Tracking the stimulator as it stimulates rather than locating
the tags with a separate tracker would be a great improvement. Additionally, it is
important to track stimulator orientation.
More work needs to be done to improve the conductivity model. This includes
non-rigid registration of intra-operative images to pre-operative images, and higher
resolution DTI. At this point, the resolution of the tetrahedral mesh is limited by the
resolution of the DTI data. Additionally, more surgical cases need to be investigated
to perform a more comprehensive statistically study on how fMRI activation and
DECS stimulation maps compare.
There is a substantial effort on the part of scientists and neurosurgeons to improve
the techniques used to map tumor and functional area locations particularly by the
usage of fMRI. Eventually, fMRI techniques will provide a valid non-invasive means
for functional mapping and can be performed ahead of time.
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6.3 Contributions
We have introduced a method for quantitatively comparing fMRI and intra-operative
direct-electro cortical stimulation mapping. We have integrated existing technologies
to help validate fiMRI for pre-surgical functional mapping.
The DECS stimulation map was generated using a patient-specific anisotropic
conductivity model of the brain. Using FEM solving methods, the current density
throughout the brain can be found. The magnitude of this current density is the
DECS stimulation map.
The DECS stimulation map is a 3D representation of cortical surface stimulation,
providing volumetric information about how current travels through the brain. This
gives a more complete cortical mapping in response to particular stimulation sites.
Additionally, the 3D activation map can be quantitatively compared to the fMRI
activation map. This quantitative comparison provides a quantitative measure of the
degree of agreement between the two functional mapping methods.
We have provided a method to validate the utility of fMRI for pre-surgical plan-
ning. A more accurate localization of function areas will lead to less injury of eloquent
brain matter during surgery and a more ambitious approach to tumor removal. Our
results show initial agreement between fMRI and cortical stimulation. Moreover, we
introduce a method for use in further statistical comparison of fMRI and cortical
stimulation methods.
6.4 Perspectives and Future Work
Since the model will allow one to understand the brain conductances and field prop-
agation of stimulation currents, it could make depth stimulation possible. With the
use of two or more electrodes on the brain surface, one might be able to focus the
field potentials to achieve stimulation at sulcul depths. This could lead to a more
complete mapping of functional areas.
Additionally, incorporation of FEM field solving with patient specific anisotropic
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conductivity models into the operating room could provide neurosurgeons with real
time field solutions to cortical stimulation. This would provide them with more
information when planning for tumor resection.
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Appendix A
Abbreviations
Table A.1: Abbreviations
3D-SPGR An inherently 3D gradient-echo MRI protocol that
provides good anatomical contrast and resolution
AP Anterior-Posterior
CMAP Compound Muscle Action Potential
DECS Direct-Electro Cortical Stimulation
DSC Dice Similarity Coefficient
DTI Diffusion Tensor Imaging
ECS Electro-Cortical Stimulation
EEG Electroencephalography
FEM Finite Element Method
fMRI functional Magnetic Resonance Imaging
GLM General Linear Model
LSDI Line Scen Diffusion Images
MEG Magnetoencephalography
MRI Magnetic Resonace Imaging
MRT Magnetic Resonance Therapy
PE Parameter Estimate
PET Positron Emission Tomography
SCIRun/BIOPSE Scientific Computing and Imaging field solving software
Bioelectric Problem Solving Environment
SI Superior-Inferior
SPM99 Statistical Parametric Mapping Software
T2-FSE T2-weighted Fast Spin Echo
TMS Transcranial Magnetic Stimulation
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